Homogeneous charge compression ignition (HCCI) is a novel combustion strategy for IC engines that exhibits dramatic decreases in fuel consumption
Introduction
HCCI is a promising approach for increasing efficiency and reducing NO x emissions in internal combustion engines. Improvements in efficiency of up to 15-20% compared with a conventional spark ignited ͑SI͒ engine are possible ͑Zhao et al. ͓1͔͒, making HCCI efficiencies comparable to diesel engines. Unlike diesel combustion, however, the lack of fuel-rich regions in HCCI results in little or no particulate emissions, a common issue with diesel strategies. Furthermore, homogeneous combustion of a reactant mixture during HCCI leads to a reduction in the peak combustion temperature, lowering NO x levels compared with conventional SI and diesel strategies. Further reductions in peak combustion temperatures, and therefore NO x emissions, are realized when the reactant charge is diluted. For this reason, a very effective strategy for achieving HCCI is through the reinduction ͑Caton et al. ͓2͔ and Law et al. ͓3͔͒ or trapping ͑Law et al. ͓3͔͒ of residual exhaust gas via variable valve actuation ͑VVA͒. This approach, referred to in this paper as residual-affected HCCI, both dilutes and increases the precompression temperature of the reactants, allowing the process to occur at modest compression ratios. While other methods exist for achieving HCCI, including intake air preheating or precompression ͑Tunestal et al. ͓4͔, MartinezFrias et al. ͓5͔, Olsson ͓6͔, and Christensen et al. ͓7͔͒ or some combination of methods ͑Agrell et al. ͓8͔ and Hyvönen et al. ͓9͔͒ , the focus of this paper is residual-affected strategies. Regardless of the method chosen, HCCI combustion exhibits some fundamental challenges with regard to combustion timing and cycle-tocycle coupling. Unlike SI or diesel engines, where the combustion is initiated via spark and fuel injection, respectively, HCCI has no external initiator of combustion. Ensuring that combustion occurs with acceptable timing, or at all, is more complicated than in the case of either SI or diesel combustion. Combustion timing in HCCI is dominated by chemical kinetics, which depend on the in-cylinder concentrations of reactants and products, their temperature, and the amount of compression. HCCI control strategies must therefore account for and utilize, if possible, the influence of inducted gas composition, precompression mixture temperature, and amount of compression on combustion timing. In systems with variable valve actuation, the ability to modulate valve timings to dictate the amount of compression via final valve closure and inducted gas composition via gas exchange is a key enabler of HCCI. Furthermore, residual-affected strategies with reinduction or trapping dynamically link subsequent engine cycles via residual-induced reactant temperature increases during the induction and mixing processes. For this reason, cycle-to-cycle coupling must also be explicitly accounted for in any control strategy.
In a number of studies, closed-loop control has been utilized to fix combustion timing ͑Agrell et al. ͓8͔, Haraldsson et al. ͓10͔, Bengtsson et al. ͓11͔, Olsson et al. ͓6͔, and Souder et al. ͓12͔͒. Agrell et al. ͓8͔ used valve timings to effectively alter the compression ratio and control combustion timing. Haraldsson et al. ͓10͔ modulated the fuel amount to vary the work output while altering the mixture ratio of two fuels to control combustion timing, a timing control strategy also adopted by Bengtsson et al. ͓11͔. Olsson et al. ͓6͔ took a similar approach but used compression ratio instead of fuel mixture to shift combustion timing. Souder et al. ͓12͔ varied the in-cylinder gas composition via exhaust valve throttling to modulate the combustion timing. These studies indicate the usefulness of effective compression ratio and inducted gas composition as control inputs for HCCI. While all of these authors either used tuned controllers or synthesized a strat-egy from a black-box model, the work outlined in this paper demonstrates that HCCI controllers can also be synthesized directly from physics-based system models.
A simulation model developed in previous work by the authors ͑Shaver et al. ͓13,14͔͒ captures the aspects most relevant for control-cyclic coupling, in-cylinder pressure evolution, work output, and ignition via kinetics-with a level of fidelity matching more complex multizone computational fluid dynamics ͑CFD͒ models with detailed chemical kinetic mechanisms. While very helpful in gaining intuition and providing an accurate virtual test bed for control, a slightly simpler model of the process is desirable for synthesis of control strategies. This paper outlines a twostate, two-input physics-based control-oriented system model for peak pressure and combustion timing for a given engine cylinder to address this need. The combustion timing dynamics are explicitly included for two reasons: the resulting model is more accurate and allows the simultaneous control of both in-cylinder pressure and combustion timing.
Since the inducted gas composition ͑i.e., the amount of reinducted exhaust versus inducted reactant͒ directly influences the combustion process and can be controlled through valve timing modulation, it is chosen as one of the inputs to the model. Another important combustion modulator, the amount of compression, which can be dictated via final valve closure ͑the intake valve closing ͑IVC͒ in this study͒, is chosen as the second control input.
By discretizing the various processes that occur during a HCCI combustion engine cycle and linking them together, a mathematical relation for the peak pressure dynamics is formulated. A simplified version of the integrated Arrhenius rate threshold approach outlined in Shaver et al. ͓13,14͔ produces an expression for the combustion timing dynamics. Together, the dynamic equations for peak pressure and combustion timing result in a nonlinear twoinput, two-output control model of residual-affected HCCI. This control model provides a natural launching point for developing control strategies. A multiple-input, multiple-output ͑MIMO͒ H 2 optimal control scheme is formulated from a linearized version of the control model to demonstrate the utility of the modeling approach for control design. The H 2 control approach allows tradeoffs between tracking error and control authority to be considered explicitly. Implemented on an experimental test bed with variable valve actuation, the simultaneous control approach is capable of dictating step changes in both peak pressure or combustion timing within four to five engine cycles while simultaneously decreasing cyclic dispersion. A benefit of coordinating the use of the two inputs is the reduced actuator effort required to elicit the desired combustion timing and peak pressure responses. This capability is also demonstrated experimentally.
Modeling Approach
The foundation for developing the control model is to approximate the engine cycle as five distinct stages, as shown in Fig. 1: 1. mixing of reactant and reinducted product gases during a constant pressure adiabatic induction process 2. isentropic compression to the point where combustion initiates 3. homogeneous constant volume combustion to major products with heat transfer 4. isentropic expansion to the point where the exhaust valve opens 5. isentropic expansion through the exhaust valve
In-cylinder gases are assumed to be ideal, such that PV = NR u T. The reinducted product temperature is directly related to the exhaust temperature from the previous cycle. The first model input is the inducted gas composition, which is formulated as the ratio of the moles of reinducted product N p to the moles of inducted reactant charge N r , ␣ ϵ N p / N r . The second model input is the crankangle ⌰ 1 at final valve closure, which dictates the volume, V 1 = V͑ 1 ͒, between the induction and compression stages, determining the start of compression and therefore the effective compression ratio. Model outputs are the peak pressure, P, and the volume at the constant volume combustion event, V 23 = V͑ 23 ͒, which acts as a proxy for combustion timing. By linking the thermodynamic states of the system together, a dynamic model of peak pressure, P, and combustion timing, 23 , for residualaffected HCCI is formulated. Note that at points between stages, the cylinder volume ͑see Fig. 1͒ is either known or is a model output ͑as is the case for V 23 = V͑ 23 ͒͒. The modeling techniques are applied to propane-fueled HCCI. Other fuels also apply by making appropriate changes to the fuel-specific model constants.
Instantaneous Mixing of Species.
The mixing of the reactant and reinducted product species during the induction process for lean or stoichiometric propane HCCI can be represented as
where is the equivalence ratio, which is a measure of the relative amounts of fuel, C 3 H 8 , and oxidizer, air, in the reactant charge inducted through the intake. For this study, is held constant, which is consistent with the approach used in modern gasoline engines. In future work, variable equivalence ratio, the approach used in diesel engines, will also be considered. The first law of thermodynamics applied to an assumed constant pressure adiabatic induction process is
The reactant mass flow rate through the intake and reinducted product mass flow rate through the exhaust are ṁ rct and ṁ prod , with corresponding enthalpies in the intake and exhaust manifolds 
021002-2 / Vol. 131, MARCH 2009
Transactions of the ASME of h 1,rct and h 1,prod . When this equation is integrated from the beginning to the end of the induction process with the assumption that manifold conditions do not vary during induction, the resulting expression for the kth engine cycle is
where N i,k is the number of moles of species i, h i is the molar enthalpy of species i, T 1prod,k is the reinducted product temperature, T 1rct,k is the inducted reactant temperature, and T 1,k is the temperature of the reactants and products after full mixing. Assuming that the molar enthalpy of species i can be approximated using a specific heat, c p,i , that is constant with temperature, then
where ⌬ f h i is the molar heat of formation of species i and T ref is the reference temperature corresponding to the heat of formation. Equation ͑3͒, applied to Eq. ͑1͒, yields after rearrangement the following in-cylinder mixture temperature at 1,k =IVC 1,k :
where
are the specific heats of the inducted reactant and reinducted exhaust gas, respectively. The reinducted product species are assumed to have a temperature, T 1prod,k , that is directly related to the temperature of the exhausted products from the last cycle, T 5,k−1 , as
This simple relation is meant to represent heat transfer. More complex models of exhaust manifold heat transfer could be used. This expression, however, matches experimental observations reasonably well and resembles a more physically motivated formulation ͑Shaver ͓15͔͒ while keeping the relation as simple as possible. Substituting Eq. ͑7͒ into Eq. ͑4͒ leads to
Isentropic Compression to Precombustion State.
With the assumption that the compression stage occurs isentropically, the thermodynamic state of the system prior to and following the stage may be related to the following isentropic relations for an ideal gas:
where ␥ is the specific heat ratio.
Homogeneous Constant Volume
Combustion. In order to model HCCI combustion in a very simple way, it is assumed that the combustion reaction, from reactants to products, occurs instantaneously uniformly throughout the combustion chamber. The instantaneous combustion assumption is justified by the fact that HCCI combustion is typically very fast. It is also assumed that all in-cylinder wall/piston heat transfer occurs during the combustion event. The location of the combustion event, 23 , is modeled in Sec. 4 from a simplified version of the integrated Arrhenius rate threshold model. It is further assumed that only major products result from the combustion event, such that the combustion reaction can be written as
For a constant volume combustion process, the total internal energy before and after combustion can be related as
where the total amount of wall/piston heat transfer, Q k , has been modeled as a certain percentage, , of the chemical energy available from the combustion reaction, LHV C 3 H 8 N C 3 H 8 ,k . Here LHV C 3 H 8 is the lower heating value for propane and is defined as
Combination with Eq. ͑11͒ and the ideal gas law results in
Applying the constant specific heat assumption to the expanded form of the post-combustion internal energy expression, Eq. ͑13͒, gives
The number of moles in the cylinder following combustion, N 3 , can be related to N 2 by inspection of Eq. ͑10͒,
where f = 24.8/ 25.8 is the reactant to product species molar ratio. The in-cylinder pressure following the constant volume combustion stage, P 3,k , can be related to the temperature at that point, T 3,k , by invoking the ideal gas assumption at states 2 and 3 and combining Eq. ͑16͒ with Eq. ͑9͒ to arrive at
2.4 Isentropic Expansion and Exhaust. The fourth stage of HCCI is approximated as isentropic volumetric expansion following the constant volume combustion stage. The exhaust stage is also assumed to be isentropic, with the additional assumption that the pressure in the exhaust manifold is atmospheric. This results in the relations
Peak Pressure Equation
By linking the distinct processes which occur during HCCI combustion-combining Eqs. ͑8͒, ͑9͒, ͑14͒, and ͑17͒-͑19͒ with the approximation that ͑1+␣ k ͒ / ͑f + ␣ k ͒Ϸ1 and c v ϵ mean͑c 1 , c 2 ͒ Ϸ c 1 Ϸ c 2 -a dynamic model of the peak in-cylinder pressure can be formulated,
The presence of cycle-to-cycle dynamics is evident by inspection of Eq. ͑20͒, as the current peak pressure P k depends on the previous cycle's peak pressure P k−1 and combustion timing 23,k−1 . This is a very powerful expression as it relates a desired model output, the peak pressure, to the model inputs, the molar ratio of the reinducted products and reactants, ␣, and the IVC timing 1,k ͑via V 1,k ͒. Additionally note the dependence on the combustion phasing ͑represented by the combustion volume, V 23,k ͒. What is now required is a physics-based expression for the combustion phasing.
Combustion Timing Modeling Approach
An integrated Arrhenius model of combustion is a simple and accurate way to mathematically simulate HCCI combustion timing ͑Shaver et al. ͓13,14͔͒ ͑refer to Chiang and Stefanopoulou ͓16͔ and Canova et al. ͓17͔͒ for additional examples of the use of the integrated Arrhenius rate approach in HCCI modeling͒.
For propane fuel this integrated reaction rate model takes the form
where is the engine speed. The values A, E a / R u , a, b, and n are empirical parameters determined from combustion kinetics experiments. Once a predefined threshold, denoted as K th , for this integral is exceeded, the combustion process is initiated and assumed to proceed as a function of crank angle using a Wiebe function. The crank angle at peak in-cylinder pressure, 23 , can then be related to the threshold crossing point, th , as th = 23 − ⌬, as shown in Fig. 2 , where ⌬ is constant as a consequence of the combustion event proceeding as a function of crank angle. Applying the threshold approach to Eq. ͑21͒ then yields
captures the dependence of combustion phasing on the in-cylinder temperature, reactant concentrations, and the start of compression ͑IVC for this study͒. Assuming that the combustion event occurs after top dead center ͑TDC͒, the integration in Eq. ͑22͒ can be simplified by approximating the integrand at TDC and beginning the start of integration at this point. This is a justifiable approximation since the integrand takes on its largest value at this point. Equation ͑22͒ becomes
With the aforementioned assumption of isentropic compression, the in-cylinder temperature at TDC is
Before combustion and after the point in time when both the intake and exhaust valves are shut ͑i.e., at IVC͒, the reactant concentrations can be represented by inspection of Eq. ͑1͒ at TDC as
Furthermore, the total number of moles of all species is
Then, by invoking the ideal gas assumption at IVC,
Substitution of Eqs. ͑8͒ and ͑26͒-͑30͒ into Eq. ͑24͒, applied to the kth engine cycle, gives
where Transactions of the ASME version of the simulation ignition model ͑21͒, the integrated Arrhenius rate threshold approach. Like that model, Eq. ͑31͒ captures the advance in combustion timing 23 = c + ⌬ + ⌰ TDC due to 1. an increase in the inducted gas mixture temperature T 1,k 2. an increase in the in-cylinder volume at final valve closure V 1,k ͑i.e., increased amount of compression͒ 3. a decrease in the ratio of reinducted product to inducted reactant ␣ k ͑i.e., increase in reactant concentration͒ By combining Eqs. ͑4͒, ͑9͒, ͑14͒, and ͑19͒, the following expression for the precompression mixture temperature T 1,k can be found:
Combining Eqs. ͑33͒, ͑31͒, and ͑25͒ yields
which has the following functional form:
captures the dependence of combustion timing on the system inputs ͑inducted gas composition ␣ and effective compression ratio via IVC͒ and the system states ͑the peak pressure P k−1 and combustion timing on the previous cycle 23,k−1 ͒. Together, Eqs. ͑20͒ and ͑34͒ complete the physics-based control model of residual-affected HCCI. Although these mathematical expressions are complex nonlinear functions, they are nevertheless well behaved and amenable for controller development.
Model Validation
With the number of assumptions made in the control modeling approach, a comparison with results from experiment and the simulation work in Shaver et al. ͓13,14͔ is necessary to gain confidence in the resulting model. The control model is first validated in steady state and then during a dynamic operation.
Model Validation in Steady State.
A series of experiments at five different operating conditions ͑described in detail in Shaver et al. ͓13͔͒ was made on a single-cylinder research engine ͑engine parameters given in Table 1͒ . Variations in operating condition were made by adjusting the exhaust valve closing ͑EVC͒ and intake valve opening ͑IVO͒ positions, effectively changing the ratio of reinducted products and reactants. Figure 1 shows the general valve profile used on the research engine. The experimental values for average volumetric air flow V , exhaust temperature T ex , peak pressure, and combustion timing are given in Table 2 .
Experimental estimates of ␣ are calculated from the values of V , T ex , and V 1 from experiment. The total volume flow of reactant mixture through the intake during an engine cycle, V inlet , is related to the average inlet air flow rate and the cycle time, t cycle , by
With the assumption that the reactant charge is inducted under atmospheric conditions and behaves as an ideal gas, the total number of moles of reactant species inducted is
Using the ideal gas law for the mixture of products and reactants in the cylinder at state 1, 
Utilizing the argument presented in Sec. 2 of constant pressure, adiabatic mixing of the reactants and reinducted products ͑Eq. ͑8͒͒, can be used,
Here the specific heats are allowed to vary with temperature to provide the most accurate expression of the first law. Equations ͑37͒-͑40͒ can be solved simultaneously for experimental estimates of ␣, given values of V , T ex , and V 1 from experiment. The results of these calculations are given in Table 3 . Control model predicted values of peak pressure and combustion timing are found via Eqs. ͑20͒ and ͑34͒. These values are presented in Table  5 . Control model parameters are given in Table 4 . Fuel-specific control model parameters, including the average specific heat, integrated Arrhenius rate constants, specific heat ratio, and lower heating value, are known values and could be modified if another fuel was used. The inlet temperature is a known measurable quantity. The in-cylinder and exhaust manifold correlation coefficients ͑ and , respectively͒ were parametrized within reasonable ranges to optimize the agreement between model predicted and experimental values of peak pressure and combustion timing in a static operation. By inspection of Tables 2 and 5 , it can be seen that the experimental and model predicted values of peak pressure and combustion timing show good correlation in steady state, within 10% of experimental values. Figure 3 shows the series of step changes in valve timing used, as well as the resulting simulation outputs: ␣, average exhaust gas temperature, peak pressure, and combustion timing. The combustion timing and peak pressure values calculated with the control model using the cycle-to-cycle ␣ values are plotted on top of the simulation. As shown in Fig. 3 , the control model captures the general characteristics of the combustion timing and peak pressure transients during the IVO/ EVC= 25/ 165 to 65/205 to 45/165 step changes. The advance in combustion timing during the 25/165 to 65/205 is due to the higher steady state exhaust temperature at the 25/165 operating condition ͑discussed in more detail in Shaver et al. ͓13͔͒. Likewise, the delay in combustion timing during the 65/205 to 45/185 step changes is due to the lower exhaust gas temperature at the 65/205 operating condition. The control model captures this behavior through the inclusion of reactant concentration and mixture temperature effects under the influence of cycleto-cycle coupling.
Model Validation During
While the level of accuracy does not match that of the simulation model developed in Shaver et al. ͓13,14͔, the simplicity and predictive capabilities of this low-order modeling approach make it a good candidate for model-based controller synthesis. In the next section, a linearized version of the control model is imple- 
Control Development
The approach used in this paper is to synthesize a controller directly from the complete control model, where inducted gas composition and effective compression ratio act as control inputs, while the combustion timing and peak in-cylinder pressure are the outputs being regulated ͑Fig. 4͒.
Linearization of Full Control
Model. The control model dynamics, Eqs. ͑20͒ and ͑34͒, can be linearized about an operating point ͑␣ , 1 , P , 23 ͒, and put in state space form, 
where the constants are functions of system parameters specified in Table 4 , 
The result is a linearized version of the full control model peak pressure and combustion timing dynamics. Model states include the normalized peak pressure ␤ ϵ͑P − P ͒ / P , the normalized cylinder volume at final valve closure 1 ϵ͑V 1 − V 1 ͒ / V 1 , the normalized volume at combustion 23 ϵ͑V 23 − V 23 ͒ / V 23 , and the inducted gas composition ␣ ϵ N p / N r . The operating point at which the control model is linearized is ͑␣ , P , 23 , 1 ͒ = ͑0.68, 59.7, 366, 210͒.
H 2 Controller Synthesis
In order to address the need for mean tracking and a reduction in cycle-to-cycle variation of peak in-cylinder pressure and combustion timing while bounding the energy of the control inputs, a local H 2 controller is synthesized from the linearized version of the control model outlined above. This approach allows limitations of the control inputs to be handled by bounding the amount and speed at which they are actuated.
The general feedback control problem formulation is shown in Fig. 5 , where the weights on state noise, measurement noise, and performance noise are depicted in detail. The standard H 2 optimal control problem is to find a stabilizing feedback controller, which minimizes the H 2 norm from the system "noise" inputs, w, to "performance" outputs, z.
The noise weights, W and V, depict the variances of the state ͑i.e., "process"͒ and output ͑i.e., measurement͒ noise. The system control input, states, and tracking error are each weighted with constant ͑R, Q, and S, respectively͒ and frequency dependent transfer functions ͑W u ͑z͒, W x ͑z͒, and W r ͑z͒, respectively͒. In order to stress the desire for tracking, the transfer function for tracking error, W r ͑z͒, is a low pass filter. This introduces the same sort of effect that the integrator portion of a proportional-derivativeintegral ͑PID͒ controller achieves. In order to reduce cyclic dispersion, the portion of the state weighting transfer function that corresponds with the normalized peak pressure and combustion timing, W x ͑z͒, are high pass filters. This weights the higher frequency components of the peak pressure and combustion timing, yielding a control law, which attenuates cycle-to-cycle variation. The control input transfer function weighting, W u ͑z͒, is a constant, allowing regulation of the control authority. Of course, other weighting functions could be implemented as well. For instance, in systems where instantaneous cycle-to-cycle changes in valve timing are not possible ͑such as cam phasers͒, a high pass filter for W u ͑z͒ could be used to weight the high frequency components of the valve timing control inputs. Future work will consider these more actuator-limited cases.
Overall, the formulation shown in Fig. 5 allows a tradeoff to be made between mean tracking, cycle-to-cycle variation reduction, and control effort. Figure 6 shows the performance weights ͑RW u ͑z͒, QW x ͑z͒, and SW r ͑z͒͒ used in this study.
From the solution of the H 2 synthesis problem, the controller gains ͑A c , B c , C c ͒ are found. The general form of the H 2 peak pressure controller is
Transactions of the ASME
͑54͒
As shown in Eqs. ͑53͒ and ͑54͒, the inducted gas composition, N p / N r ϵ ␣ = ␣ + ␣ , and the normalized final valve closure volume are the outputs of the controller ͑via the final valve closure location: 1 = 1 + 1 ͒. The inputs to the controller are the inducted gas composition and normalized final valve closure cylinder volume from the previous cycle, the normalized peak pressure and combustion timing from the previous cycle, and the desired normalized peak pressure and combustion timing from the current cycle.
Valve Timing Map
The control strategy presented uses the previous cycle's peak pressure and combustion timing, the desired peak pressure and combustion timing for the current cycle, as well as the inputs ͑inducted mixture composition ␣ and final valve closure͒ during the previous cycle to determine the desired inputs on the current cycle according to Eq. ͑54͒. Before this can be implemented experimentally, however, a map from desired ␣ to required valve timing is necessary since it is, in fact, the valve timings that are the input to the experimental system. Through variation in EVC, a range of ␣ values can be achieved, as shown in Fig. 7 . The required EVC is obtained from the desired ␣. Figure 4 shows how the controller is used in conjunction with the valve timing map in closed loop.
Experimental Implementation
The simultaneous, coordinated controller was implemented on a single-cylinder test bed ͑see Table 1͒ . Figures 8-11 show results of the experimental implementation. Figures 8 and 9 exhibit the capability of the control approach to vary peak pressure while holding combustion timing constant. Figures 10 and 11 show the ability to simultaneously change both peak pressure and combustion timing. Figure 8 shows characteristic statistical values for the controller performance. Mean tracking performance for combustion timing and peak pressure are quite good, with mean errors not exceeding Ϯ0.4°and Ϯ0.1 atm, respectively. In general, the standard deviation values are elevated compared with what would be possible at equivalent compression ratios on a modern engine with optimized gas exchange. Enhanced gas exchange with the purpose of homogenizing the reactant/residual mixture during induction allows more consistent cycle-to-cycle behavior, reducing the cyclic dispersion. Nevertheless, reductions in the standard deviation for both combustion timing and peak pressure are seen once the Another benefit of the simultaneous coordination of both control inputs is a reduction in the control effort required to elicit the desired response. Instead of using a peak pressure controller that must compensate for the effects of a combustion timing controller, and vice versa, the coordinated approach optimizes the use of both control inputs to regulate both outputs. This is made clear by direct comparisons of Figs. 8-11 with results in previous decoupled control work ͑Shaver et al. ͓18͔͒. For comparable changes in the peak pressure and combustion timing, the modulation of inducted gas composition and IVC are reduced for the coordinated approach. Also, Fig. 10 shows the controller's capability to dictate step changes in both combustion timing and peak pressure within about 4-5 engine cycles. This performance is a significant improvement over previous work ͑Shaver et al. ͓18͔͒. Furthermore, the fastest HCCI control responses achieved in other works are around four engine cycles for combusting timing control ͑Bengts-son et al. ͓11͔. The results outlined here allow responses for both combustion timing and peak pressure ͑or work output͒ to occur within four to five engine cycles.
Conclusion
While HCCI is a promising combustion methodology for simultaneously reducing fuel consumption and exhaust emissions, it has not been taken to market because it is difficult to control. To help address this challenge, the authors have outlined the first generalizable, validated, and experimentally implemented physics-based control methodology for residual-affected HCCI engines. The basis of this work is the development of a control model that 1. has two inputs ͑inducted gas composition and effective compression ratio͒ and two states ͑combustion timing and peak pressure͒ to capture the residual-affected HCCI process in a single engine cylinder 2. captures the dependence of the system outputs ͑combustion timing, peak in-cylinder pressure, and work output͒ on the abstracted VVA-controllable system inputs ͑inducted gas composition and amount of compression͒ 3. captures the cycle-to-cycle coupling through exhaust gas temperature 4. captures ignition via kinetics with a simple intuitive model that captures the effects of reactant concentration, temperature, and amount of compression 5. is simple enough to be directly used in the synthesis of control strategies
The control model development relies heavily on the intuition and model validation opportunity proved by the simulation modeling work presented in previous work ͑Shaver et al. ͓13,14͔͒. There are a multitude of control strategies that could be synthesized from the two-input, two-output model. For illustrative purposes, a H 2 controller is developed from a linearized version of the control model. This approach represents a complete and capable approach to the control of residual-affected HCCI. Experimental results show that the simultaneous control of both combustion timing and peak pressure on an experimental system is possible. Specifically, the approach is capable of dictating step changes in combustion timing and peak pressure within four to five engine cycles while simultaneously reducing the cycle-tocycle variation. Experimental results also demonstrate another Transactions of the ASME benefit of coordinating the two control inputs-a significant reduction in the required control authority. These results demonstrate the power of using physics-based modeling and control and represent another step toward the practical implementation of HCCI engines. 
